impact of successful bypass surgery and the improvement in ventricular performance. The recognition that the adult human heart possesses a stem cell compartment capable of differentiating into cardiomyocytes and coronary vessels 6, 7 suggests that cardiac stem cells (CSCs) and their growth properties may be critically implicated in the protection of the structural and functional integrity of the myocardium. Moreover, circulating cytokines able to promote CSC activation and commitment may be equally relevant in favoring the increase in wall thickness and the decrease in chamber volume, months after the surgical intervention.
Based on this premise, the growth kinetics of CSCs and the telomere-telomerase axis were characterized in 38 patients with stable angina who were undergoing bypass surgery. Additionally, the blood level of insulin-like growth factor-1 (IGF-1), hepatocyte growth factor (HGF), stem cell factor (SCF), vascular endothelial growth factor (VEGF), granulocyte-colony stimulating factor (G-CSF), and basic fibroblast growth factor (bFGF) were measured before surgery and 1 year later, when the beneficial effects of revascularization were well established. 8 IGF-1, HGF, and SCF have the potential to activate surface receptors in CSCs, inducing CSC division, survival, and migration. 9, 10 VEGF is the ligand of vascular endothelial growth factor receptor-2 7 ; it has the ability to induce angiogenesis and vasculogenesis. 11 G-CSF mobilizes hematopoietic stem cells (HSCs) and endothelial progenitor cells, which may expand the coronary microcirculation and transdifferentiate generating cardiomyocytes. [12] [13] [14] Conversely, bFGF may favor fibroblast proliferation and collagen accumulation, altering the mechanical behavior of the myocardium.
Methods
An expanded Materials and Methods section is provided in the online-only Data Supplement.
Patients and Study Design
We enrolled 55 patients undergoing elective on-pump coronary artery bypass surgery (CABG) for multivessel coronary atherosclerosis. The inclusion criteria were as follows: (1) chronic stable angina in the past 6 months, together with evidence of ischemia at stress test; and (2) complete surgical revascularization within 7 days. The exclusion criteria were as follows: (1) evidence of previous myocardial infarct or pathological Q waves on the 12-lead ECG; (2) hospitalization for acute coronary syndrome during the past 6 months; (3) severe valvular heart disease; (4) CABG or percutaneous transluminal angioplasty in the preceding 12 months; (5) life expectancy <1 year; (6) presence of malignancies; (7) psychosocial conditions precluding long-term adherence; (8) pregnancy; (9) enrollment in other clinical research trial; (10) cardiogenic shock; (11) severe comorbidities; and (12) patients unable or unwilling to give informed written consent. Because 17 patients were lost at follow-up, the study was restricted to 38 subjects ( Figure I in the online-only Data Supplement).
The right atrial appendage was harvested during on-pump CABG for isolation and expansion of CSCs. At the time of enrollment and follow-up, 12±1 months after CABG, patients had complete clinical and physical examinations with collection of cardiovascular risk factors, 2-dimensional echocardiography, and evaluation of New York Heart Association functional class. The serum level of IGF-1, HGF, VEGF, SCF, G-CSF, and bFGF was also measured ( Figure I in the online-only Data Supplement). The study was approved by the local ethics committee and conformed to the Declaration of Helsinki on human research.
Echocardiography
Transthoracic echocardiogram was performed according to the recommendations of the European Society of Echocardiography from a single experienced operator (G.B.) with a second harmonic 2.25-MHz probe to optimize endocardial border visualization. All echocardiograms were digitized and reanalyzed off-line by 3 experienced operators (F.G., A.M., C.S.), blind to the clinical and laboratory data. Temporal changes in left ventricular (LV) volume from baseline to 12±1 months after surgery were computed. An increase in LV enddiastolic volume of ≥20% at follow-up was interpreted as an index of negative LV remodeling (LVR). 15 
Human CSCs
CSCs were isolated from 38 myocardial samples, and their in vitro properties were determined. 6, 7, 16 Aliquots of CSCs were fixed and following incubation with antibodies against surface markers, nuclear transcription factors, and cytoplasmic proteins were analyzed by fluorescence-activated cell sorter (FACSAria or AccuriC6). The presence of epitopes of hematopoietic (CD34, CD45) and mesenchymal (CD90, CD105) stem cells was determined, in combination with the expression of IGF-1 receptors (IGF-1Rs). Myocyte, endothelial cell, and smooth muscle cell markers were also included in this assay (Tables I and II in 
Growth Properties of CSCs
CSCs were plated at a low density, and the number of cells per unit area of the culture dish was measured daily for 5 to 7 days. Population-doubling time (PDT) was computed by linear regression of log 2 values of cell number. 17 The length of telomeres was determined by flow-fluorescent in situ hybridization, and the catalytic activity of telomerase was assessed by quantitative polymerase chain reaction. [16] [17] [18] 
Growth Factors
A customized multiplex microarray technology based 2-site sandwich enzyme-linked immunosorbent assay was used to measure quantitatively the serum level of IGF-1, HGF, VEGF, SCF, G-CSF, and bFGF.
Statistical Analysis
Continuous variables were expressed as mean±standard deviation, and dichotomous variables are shown as percentages. Unpaired t test or Mann-Whitney U-test was used for comparison between 2 groups. Categorical variables were compared by using the χ 2 test or Fisher exact test, as appropriate. Linear regression analysis was performed to correlate the characteristics of CSCs in vitro with the indices of LVR: in each case the by guest on November 11, 2017 http://circ.ahajournals.org/ Downloaded from best-fit regression line is shown together with the 95% confidence interval, and the P and R 2 values. P values of <0.05 were considered significant.
Multivariate logistic regression analysis was performed to identify independent predictors of LVR. Variables showing a P value of <0.05 at univariate analysis were included in the models. β-Values and 95% confidence intervals have been reported.
Receiver operating characteristic curve was performed to determine the cellular biomarker or growth factor level that best predicted negative LV remodeling and to assess the best cutoff value. The Youden index was introduced to evaluate the sensitivity and specificity of each variable. Statistical comparisons were performed by using SPSS 20.0 (IBM SPSS Statistics, IBM Corporation, Armonk, NY); however, receiver operating characteristic analysis was done with the use of MedCalc (MedCalc, Mariakerke, Belgium).
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Results
Patients
A cohort of 55 consecutive patients affected by chronic coronary artery disease (CAD) with indication for bypass surgery was studied. In all 55 patients, the right atrial appendage was collected at the time of surgery for CSC isolation and characterization. Ten of the 55 patients did not return to the clinic and 5 refused follow-up tests. Two additional patients were excluded because they developed malignant tumors. Thus, 38 patients were included in the final study ( Figure I in the online-only Data Supplement).
Patients' characteristics are listed in Table 1 . There were 33 men and 5 women. Risk factors included hypertension, hyperlipidemia, family history of cardiovascular disease, type 2 diabetes mellitus, renal dysfunction, and hyperuricemia. Indices of high-risk perioperative outcomes were evaluated: 15 patients were in New York Heart Association class III and 26 had a 3-vessel disease (stenosis ≥70%). The preoperative predictor logistic euroSCORE II was determined; 12 patients 
CSC Characterization and Growth
A major challenge and potential limitation of this work was related to the successful acquisition of c-kit-positive CSCs in each of the 38 patients, a prerequisite for the comparison to be made with the evolution of the cardiac disease following bypass surgery. In each case, the right atrial appendage was digested, and, following expansion of the small-cell pool, c-kit-positive cells were collected with immunomagnetic beads and cultured; c-kit-positive CSCs were obtained in all cases. At P5 to P6, c-kit-positive CSCs were characterized by fluorescence-activated cell sorter analysis. These cells were negative for the markers of HSCs, CD34, and CD45, and for a cocktail of antibodies against bone marrow-derived cells ( Figure IIA in the online-only Data Supplement). The absence of CD45 excluded the presence of mast cells. Additionally, these cells did not express epitopes of mesenchymal stromal cells including CD90 and CD105. Similarly, the myocyte transcription factors GATA4, Nkx2.5, and Mef2C and the myocyte contractile protein α-sarcomeric actin were detected rarely ( Figure  IIB in the online-only Data Supplement). The endothelial cell transcription factor Ets1 and the smooth muscle cell transcription factor GATA6 were only occasionally seen, as the endothelial cell cytoplasmic protein von Willebrand factor and the smooth muscle cell cytoplasmic protein α-smooth muscle actin ( Figure IIB in the online-only Data Supplement). Importantly, the fraction of c-kit-positive cells varied from 80% to 95% ( Figure 1A ) and did not correlate with any major determinants of LVR ( Figure III in the online-only Data Supplement). As discussed later, the first 27 patients (1-27 color-coded green) experienced positive LVR, and the remaining 11 (28-38 color-coded red) experienced negative LVR. This characterization of CSCs allowed us to establish whether age, sex, and the presence of type 2 diabetes mellitus affected the CSC phenotype. Although age, sex, and diabetes mellitus alter the pool size of CSCs in the myocardium, [21] [22] [23] no significant differences were found in the proportion of undifferentiated and committed CSCs with any of these 3 variables ( Figure 1B ). These observations suggest that a selection process occurs in vitro during CSC growth with loss or death of the nonfunctionally competent stem cells. This conclusion is supported by the evaluation of the PDT of CSCs, which varied modestly from 23 to 30 hours, averaging 26 hours (Figure 2A and 2B) . Moreover, bromodeoxyuridine labeling of CSCs after a single pulse of the halogenated nucleotide was relatively similar in the 12 cases tested ( Figure 2C ), despite age, sex, and the presence or absence of diabetes mellitus. These 12 cases included patients 1 to 6 with positive LVR and patients 28 to 33 with negative LVR.
We have previously shown that functionally competent human CSCs can be successfully obtained from small biopsy samples in extremely sick patients undergoing LV assist device implantation or heart transplant. 16 Age, sex, and diabetes mellitus may increase the functional heterogeneity of the CSC pool within the entire myocardium, but do not prevent the acquisition of resident stem cells with significant growth reserve and expandability in vitro. Thus, consistent with previous results, 6, 17, 18 with our protocol, a significant number of undifferentiated c-kit-positive CSCs can be obtained in all patients.
CSCs and the Telomere-Telomerase Axis
Stem cell growth is regulated by the length of telomeres and telomerase activity, which restores in part the telomeric DNA lost following each cell division 24 ; telomere length provides information on the replicative history of non-postmitotic cells. In intact human CSCs telomere length is ≈9 to 10 kbp. 6, 17 With each cell division, human CSCs lose 130 bp of telomeric DNA, 6 and replicative senescence and irreversible growth arrest occur when telomere length reaches 1.5 to 2 kbp. 24 In this study, telomere length was measured by Flowfluorescent in situ hybridization and was found to vary from a minimum of 6.7 kbp to a maximum of 8.5 kbp, averaging 7.4 kbp ( Figure 2D and 2E). Telomerase activity, evaluated by quantitative polymerase chain reaction, was seen to be high in all cases ( Figure 2F ). Age, sex, and type 2 diabetes mellitus appeared not to influence these 2 fundamental parameters of CSC proliferation ( Figure 2G ).
Telomerase function is regulated in part by the IGF-1-IGF-1R system. In mouse cardiomyocytes, IGF-1 stimulates the phosphoinositide-3-kinase-Akt pathway that, in turn, phosphorylates telomerase, because there is a consensus site for Akt phosphorylation in the catalytic subunit of this ribonucleoprotein. 25 To test whether a similar process is operative in human CSCs, 3 assays were performed. High levels of phospho-Akt were found by Western blotting in CSC preparations ( Figure 3A) . The enzymatic activity of Akt was documented by a kinase assay, and the results were consistent with the expression of the phosphorylated protein at Ser473 ( Figure 3B ). Additionally, telomerase was immunoprecipitated and exposed to an antibody against Ser824 located within the putative Akt consensus site ( Figure 3C ). Phosphotelomerase was high mimicking the level of telomerase activity in these cases.
Importantly, human CSCs expressing IGF-1R have a powerful regenerative capacity following experimental myocardial injury, 17 suggesting that the expression of IGF-1R in CSCs conditions favorably the evolution of chronic CAD. In the 38 CSC preparations, IGF-1R expression varied but was present in all cases ( Figure 4A through 4C). Consistent with the observations above, there was a significant correlation in the 38 samples of CSCs between IGF-1R expression and telomere length and telomerase activity ( Figure 4D and 4E). Thus, the telomere-telomerase axis, together with IGF-1R expression and Akt phosphorylation of the ribonucleoprotein, supports the view of a remarkable growth reserve of human CSCs.
CSCs and Ventricular Remodeling
Echocardiographic measurements of LV dimension and wall thickness were obtained before bypass surgery and 12±1 months later when optimal revascularization was (Δ) before and 12±1 months following revascularization, whereas the characteristics of CSCs were defined in samples collected at the time of surgery. This protocol cannot exclude that the improvement in coronary perfusion with surgery may have affected the growth kinetics of resident CSCs. However, a second myocardial biopsy for research purposes only was not justified.
Wall thickening, reduction in chamber diameters and volume, and increases in ventricular mass-to-chamber volume ratios were interpreted as significant determinants of successful LVR in view of the critical role that these anatomic indices play in diastolic and systolic wall stress. 3 An inverse correlation was found between PDT and the changes in wall thickness. The shorter the PDT of CSCs, the greater was the increase in the anterior and posterior wall thickness at followup. In contrast, the longer the PDT, the larger was the increase in cavitary diameters. Moreover, longer telomeres, higher telomerase activity, and higher expression of IGF-1R in CSCs showed similar beneficial effects on wall thickening and LV chamber diameters ( Figure 5A through 5F). Importantly, the indicators of preserved CSC growth were coupled with a decrease in chamber volume, and with increases in ventricular mass, ventricular mass-to-chamber volume ratio, and LVEF ( strong correlation. The Δ anterior and posterior wall thickness in systole and telomerase activity, the Δ posterior wall thickness in diastole and telomerase activity, the Δ end-systolic diameter and IGF-1R-positive CSCs, and the Δ ventricular mass and telomere length and telomerase activity had P values of 0.04 to 0.05.
Subsequently, the 38 patients were divided into 1 groups: (1) group 1 showed preservation, reduction, or increase in LV end-diastolic volume <20%, ie, positive LVR (n=27); and (2) group 2 showed an increase in LV end-diastolic volume ≥20%, ie, negative LVR (n=11). These 2 patient cohorts did not differ in terms of baseline clinical, anatomic, and functional characteristics (Table 2 ). When the growth properties of CSCs in these 2 patient subsets were compared, PDT was 10% shorter in positively remodeled hearts. Moreover, telomere length was 8% longer, and telomerase activity and IGF-1R expression were, respectively, 25% and 26% higher in this group ( Figure 6A ).
Wall thickening, chamber diameter and volume, LV mass, and LV mass-to-chamber volume ratio varied significantly after surgery. From baseline to 12±1 months following revascularization, Δ end-diastolic and Δ end-systolic LV volume decreased, respectively, 11% and 18%, whereas ΔLVEF increased 9% in patients with positive LVR. Conversely, in patients with negative LVR, Δ end-diastolic volume increased 28%, Δ end-systolic volume increased 20%, and LVEF decreased 14% ( Figure 6B and 6C) .
By multivariate analysis, the 4 variables of CSC growth (ie, PDT, telomere length, telomerase activity, and IGF-1R expression) retained their statistical significant association with LVR (Table III in Table IV in the online-only Data Supplement). Thus, the replication reserve of CSCs, based on PDT, telomere length, telomerase activity, and IGF-1R expression may be viewed as a novel biomarker of clinical outcome in patients requiring bypass surgery for CAD and ischemic cardiomyopathy.
The use of 2-dimensional echocardiography as an imaging modality to evaluate LVR has limitations. However, the guidelines of the joint American Society of Echocardiography and European Association of Echocardiography still recommend the Simpson biplane method of discs as the routine preferred 2-dimensional protocol for calculating ventricular dimensions and LVEF. Moreover, based on the Bland-Altman test, the inter-and intraobserver agreement for this analysis was 94% and 96%, respectively.
Circulating Growth Factors
The blood concentration of IGF-1, HGF, SCF, VEGF, G-CSF, and bFGF was determined at baseline and 12±1 months following revascularization. These growth factors were selected because of their ability to activate CSC division and migration (IGF-1, HGF, SCF), formation of coronary vessels (VEGF), egression of HSCs from the bone marrow into the systemic circulation (SCF, G-CSF), and fibroblast proliferation (bFGF). The ΔIGF-1, ΔHGF, ΔSCF, ΔVEGF, ΔG-CSF, and ΔbFGF failed to correlate with the anatomic parameters of LVR. However, the levels of IGF-1 and HGF were, respectively, 2.5-fold and 27% higher before bypass surgery in patients who experienced positive LVR; but, at 12±1 months, only IGF-1 remained elevated. In these patients, the concentration of VEGF was 17% higher at baseline but decreased significantly at 12±1 months. The circulating amounts of SCF, G-CSF, and bFGF were similar before and after surgery ( Figure 6D ). Thus, IGF-1, HGF, and VEGF may have a protective effect on the myocardium before revascularization, although IGF-1 may be implicated in the manifestations of positive LVR after surgery.
Discussion
The results of the current study indicate that the function of resident CSCs provides critical information concerning the recovery of the myocardium following successful revascularization of patients who have chronic CAD. Negative LVR over a period of 12 months after coronary bypass was not observed if the CSC compartment before surgery retained a significant growth reserve. Decline in the replicative potential of CSCs was paralleled by alterations in ventricular wall thickening, together with chamber dilation and reduction in LV mass-to-chamber volume ratio. The correlation between each of the 4 indices of CSC growth and the size and shape of the heart strongly suggest that the behavior of CSCs is implicated in the positive or negative outcome of the surgically treated ischemic cardiomyopathic heart. PDT, telomere length, telomerase activity, and the expression of IGF-1R have dramatic effects on CSC division and survival and in the generation of a differentiated specialized progeny. 9, 10, 17 These variables, in combination with the high concentration of IGF-1 in the circulation before and after cardiac surgery, point to the IGF-1-IGF-1R system as a major player in positive LVR. Although CSCs were isolated from the right atrial appendage and not from the diseased LV myocardium, the growth characteristics of human CSCs have been shown to be comparable in these 2 anatomic regions, and in the right side of the septum and right ventricle, as well. 6, 7, 16, 18, 26 Caution has to be exercised in the interpretation of these findings. As indicated in the Results section, not all parameters showed a strong correlation, raising the possibility that the approach used here may have to be extended to a significantly larger number of patients to strengthen the data or to restrict the variables of CSC growth that predict negative and positive LVR following coronary bypass surgery. Moreover, the most appropriate characterization of CSC behavior for clinical outcome would have required sampling of the myocardium after the recovery from the surgical procedure, a protocol that could not be implemented without exposing patients to unnecessary, additional risks. Increased circulating levels of IGF-1 are characterized by a decreased incidence of heart failure and mortality in elderly individuals. 27, 28 Additionally, the upregulation of IGF-1 locally in the myocardium favors the spontaneous recovery from advanced heart failure in patients with dilated cardiomyopathy and LV assist device implantation. 29, 30 In contrast, low IGF-1 concentrations in the general population predict the development of ischemic heart disease and chronic heart failure. [31] [32] [33] [34] Data in this study support the notion that the systemic increase of IGF-1 in patients with positive LVR may exert its beneficial effect by activating IGF-1R on CSCs and thereby promoting stem cell division and myocyte and vessel formation.
This possibility is consistent with a series of experimental findings in which the interaction of IGF-1 with IGF-1R in CSCs contributes, together with HGF, to reverse myocardial aging, 10 and rescues myocardial infarcts commonly incompatible with life in small mammals. 35 In this regard, cardiac restricted overexpression of IGF-1 prolongs the lifespan in transgenic mice. 36 HGF, a powerful mediator of CSC migration, 9, 10, 35 was significantly higher at baseline in subjects who had positive LVR, although comparable concentrations were found in both groups of patients 12 months following revascularization. VEGF behaved as HGF. A small category of human c-kit-positive CSCs express vascular endothelial growth factor receptor-2 7 and may be activated by VEGF, resulting in vascular growth mostly needed before successful bypass surgery.
Chronic coronary artery disease is characterized by a fixed reduction of coronary flow reserve attributable to an epicardial obstruction resulting in inadequate myocardial perfusion following stress. Even in the absence of previous myocardial infarction or acute coronary syndrome, myocyte loss may occur and dysfunctional myocardial areas may be present. However, no correlations were found between preoperative burden of ischemia and indices of LV recovery after CABG (Figure V in online-only Data Supplement). These results suggest that amelioration in coronary flow translates into positive LVR in the presence of functionally competent resident CSCs.
CSCs are multipotent and generate parenchymal cells and coronary vessels. 6, 7, 17 CSCs possess the ability to form resistance arterioles and capillary structures, both critical determinants of blood flow regulation and tissue oxygenation. These unique properties provide the necessary substrate for the recovery in structure and function observed here in patients experiencing positive LVR following CABG. Bypass surgery repairs the defects in the conductive coronary arteries, and CSCs may operate at the more distal level of the coronary microcirculation.
The recognition that variables intrinsic to the myocardium, ie, CSC growth reserve, and extrinsic to the heart, ie, systemic levels of IGF-1, HGF, and VEGF, are coupled with increases in LVEF, wall thickness in systole and diastole, and significant decreases in systolic and diastolic diameters and chamber volume following revascularization has important clinical implications. The improvement in systolic performance and the likelihood of reduction in wall stress, dictated by these changes in cardiac anatomy, 3 have been coupled with decreased morbidity and mortality in patients with ischemic cardiomyopathy. 4, 5 Conversely, negative LVR is characterized by an opposite response with a decrease in LVEF and an expansion in chamber volume, accurate predictors of increased mortality in this patient population. 4, 5 Recently, stem cells have been introduced as a new experimental treatment for subacute myocardial infarction 37 or chronic ischemic cardiomyopathy with severely impaired systolic function. 18, 38 In both cases, encouraging results have been obtained. Autologous CSCs 18, 38 induce myocardial regeneration with absolute reduction in infarct scar size and promote dramatic increases in LVEF. Moreover, a significant reduction in New York Heart Association functional class and a remarkable amelioration of quality of life were demonstrated. 18 But no clear indication of reverse LVR has been acquired. Our results in a subset of patients with better preserved cardiac function indicate that the diseased myocardium retains the ability to decrease heart size and increase LV mass-to-chamber volume ratio. Whether the implementation of more sophisticated protocols involving new CSC classes will achieve this objective remains a major challenge in stem cell-based therapy of the failing heart.
The recognition, nearly 12 years ago, that c-kit-positive HSCs have the inherent ability to repair the infarcted myocardium in experimental models 14 has profoundly affected cardiovascular research and clinical cardiology. The unanticipated plasticity of adult HSCs to form cells beyond their own tissue boundary has become the driving force of a series of clinical studies in which bone marrow cells have been introduced as an experimental therapy in the management of the acutely infarcted or chronically failing heart. 13, 14 A recent meta-analysis strongly supports the view that various classes of bone marrow cells interfere with cardiac dysfunction, infarct size, ventricular remodeling, and mortality in patients with ischemic heart disease. 39 Importantly, transcatheter, intramyocardial injections of autologous bone marrow mononuclear cells or mesenchymal stromal cells improve the regional contractility of a chronic myocardial scar and reverse ventricular remodeling in animals and humans. [40] [41] [42] [43] [44] A relevant issue to be emphasized relates to the protocol we have developed and improved over the years concerning the isolation and expansion of human CSCs. From an initial rate of success of ≈60%, 6 we are currently able to obtain large quantities of CSCs with significant growth reserve in essentially 100% of the cases as documented previously 18 and in the present report. Here, the fraction of undifferentiated CSCs varied from a minimum of 80% to a maximum of 95%. Twenty-nine of the 38 preparations had values of c-kit-positive CSCs ranging from 86% to 95%. This level of consistency was essential for the evaluation of the properties of CSCs to be correlated with the parameters of cardiac anatomy and function of patients with ischemic cardiomyopathy. Unfortunately, this degree of accuracy is difficult to achieve when mixed cell populations are used and the proportion of 1 cell type versus the other may change significantly in different samples.
Collectively, our results indicate that the telomere-telomerase axis, PDT, and IGF-1R expression in CSCs represent novel biomarkers able to predict the evolution of the ischemic cardiomyopathic heart following revascularization. This conviction becomes particularly relevant because CSCs can be easily isolated, expanded, and carefully characterized from endomyocardial biopsies, 16 avoiding the surgical approach used here. Additionally, the circulating levels of IGF-1, HGF, and VEGF are routinely measured offering, together with the properties of CSCs, a rather unique perspective of bypass surgery in patients with chronic CAD.
Although the analysis of CSCs in each patient needed cell expansion in vitro for the multiple assays, the cultured CSCs retained properties that correlated with the severity and unfavorable or favorable evolution of the cardiac disease. Three criteria have been postulated for the definition of a biomarker: its accuracy, its ability to give information that cannot be obtained from clinical assessment, and its relevance on medical decision. 45 The CSC phenotypes defined in the current report fulfill these 3 criteria; they are highly reproducible, provide an understanding at the fundamental cellular level of the pathological heart, and suggest new therapeutic strategies. 
Sources of Funding
CLINICAL PERSPECTIVE
The efficacy of bypass surgery in improving ventricular function in patients with severe coronary atherosclerosis and ischemic cardiomyopathy cannot be easily predicted. The preoperative conditions may be similar, but the mid-and long-term evolution of cardiac pathology may differ significantly, emphasizing the need to identify determinants that may help anticipating clinical outcome. Successful revascularization and positive left ventricular remodeling may depend on factors intrinsic to the heart or extrinsic to the myocardium. Our findings suggest that variables intrinsic to the myocardium, ie, cardiac stem cell growth reserve, and extrinsic to the heart, ie, the systemic level of insulin-like growth factor-1, positively correlate with increases in ejection fraction, wall thickness in systole and diastole, and decreases in systolic and diastolic diameters and chamber volume following revascularization. Importantly, the growth kinetics of cardiac stem cells included shorter population-doubling time, longer telomeres, higher telomerase activity, and enhanced insulin-like growth factor-1 receptor expression. Conversely, attenuated cardiac stem cell growth and a decline in insulin-like growth factor-1 level in the circulation were characterized by an opposite response with a decrease in ejection fraction and an expansion in chamber volume, both accurate predictors of increased mortality in this patient population. Three criteria define a biomarker: its accuracy, its ability to give information that cannot be obtained from clinical assessment, and its relevance on medical decision. The cardiac stem cell phenotypes defined in the current report fulfill these 3 criteria; they are highly reproducible, provide an understanding at the fundamental cellular level of the pathological heart, and suggest new therapeutic strategies. During the course of an ongoing investigation, questions were raised about Figure 4B in the article. In their attempt to respond to this concern, the authors were unable to locate the original file for the figure, and they were unable to verify its accuracy. Accordingly, the authors have generated a new figure using data from the same sample. The new figure demonstrates the same findings as the original figure, and it does not change the conclusions of the published article. Figure 4B in the online version of the article has been updated. The authors regret this circumstance.
Online Data Supplement
Methods
Patients
Fifty-five consecutive patients affected by chronic coronary artery disease were included in the study ( Figure I in the online-only Data Supplement). Patients underwent elective on-pump CABG for multi-vessel coronary atherosclerosis at the Policlinico A. Gemelli, Catholic University, in Rome. An initial screening was performed prior to surgery to determine the eligibility of patients to participate in the study. The inclusion criteria were:
1. chronic stable angina in the last 6 months, together with evidence of ischemia at stress test; and 2. complete surgical revascularization within 7 days. The exclusion criteria were: 1. evidence of previous myocardial infarct or pathologic Q waves on the 12-leads ECG; 2. hospitalization for acute coronary syndrome during the last 6 months; 3. severe valvular heart disease; 4. coronary artery by-pass graft (CABG) or percutaneous transluminal angioplasty in the preceding 12 months; 5. life expectancy less than 1-year; 6. presence of malignancies; 7. psychosocial conditions precluding long-term adherence; 8. pregnancy; 9. enrollment in other clinical research trial; 10. cardiogenic shock; 11. severe comorbidities; and 12. patients unable or unwilling to give informed written consent.
Enrolled patients, who met the specified criteria, were subjected to harvesting of the right atrial appendage during on-pump CABG. A follow-up visit was scheduled 12±1 months after CABG. At the time of enrollment and follow-up, patients had complete clinical and physical examination with collection of cardiovascular risk factors, 2D echocardiography, and evaluation of NYHA functional class. Moreover, the number of diseased vessels and the localization and degree of coronary artery stenosis were evaluated together with the risk stratification score and intra-and peri-operative details (Table 1 ). Blood samples were drawn at the time of surgery and 12±1 months later to measure the level of IGF-1, HGF, VEGF, SCF, G-CSF, and bFGF. The study was 2 approved by the local ethics committee and conformed to the Declaration of Helsinki on human research.
Clinical Evaluation and Cardiovascular Risk Factors
In each patient, age, sex, common cardiovascular risk factors, therapy at admission and discharge were recorded. The angiographic assessment of coronary artery disease was also performed. Hypercholesterolemia, diabetes mellitus, and hypertension were considered present if diagnosed during hospitalization or if patients were assuming drugs for these conditions prior to admission. Diagnosis of hypercholesterolemia was made when total serum cholesterol concentration was >200 mg/dL. Patients were considered Patients in NYHA class IV experienced symptoms at rest and had severe limitations in activity. Predicted operative mortality risk was calculated using Euroscore II and logistic Euroscore. Euroscore values for each patient were measured using the interactive online calculator (www.euroscore.org/calc).
Echocardiography
At enrollment and follow-up, patients were evaluated echocardiographically. and ejection fraction (EF) was calculated from the apical 4-and 2-chamber views using a modified Simpson's biplane method. LV mass was calculated using the Devereux equation. All measurements were obtained on three cardiac cycles and average values derived. [1] [2] [3] Inter-and intra-observer agreement for this analysis was 94% and 96%, respectively. Regional wall motion was scored as follows: 1= normal; 2= hypokinesia; 3= akinesia; and 4= dyskinesia. 4 The wall motion score index was calculated as the sum of the score of all segments divided by the total number of segments. Changes in all these parameters were calculated as Δ from baseline to 12±1 months following CABG. The presence of negative LV remodeling (LVR) was claimed when, with respect to baseline, there was an increase ≥20% in LV end-diastolic volume 12±1 months after surgery.
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Isolation of Cardiac Stem Cells (CSCs)
The right atrial appendage was harvested and CSCs were isolated as previously described. [6] [7] [8] Following removal of the fibrotic and fat tissue, the specimens weighted 25
to 50 mg. Each sample was kept in a sterile container filled with growth medium; the tissue was minced in small pieces, ~0.2-1 mg each. Subsequently, tissue fragments were transferred into a 100 mm culture dish, washed twice with saline, minced, placed in 50 ml tubes and allowed to sediment. The supernatant was discarded and samples were resuspended in Ham's F12K medium containing 1-2 mg/ml collagenase; enzymatic digestion was performed at 37°C. The supernatant containing the small cell pool was transferred into a 15 ml tube filled with growth medium, centrifuged and suspended.
Undigested pieces were allowed to sediment and the protocol was repeated 2-3 times.
The unfractionated cell population was plated in the presence of growth medium, which was changed twice weekly. 
FACS Analysis
Aliquots of CSCs at P5-P6 were fixed in 4% paraformaldehyde for 15 minutes at room temperature and incubated with antibodies against transcription factors, cytoplasmic proteins, and surface antigens ( Table I in 
Population Doubling Time (PDT)
Following characterization by FACS, CSCs were plated at low density, 100 cells per cm 2 , and the number of cells per unit area of the culture dish was measured daily for 5-7 days.
PDT was computed by linear regression of log2 values of cell number. Only values in the exponential growth phase were used. 6, 8, 9 Telomere Length
Telomere length in CSCs was measured by flow-FISH. 
Telomerase Activity
The catalytic activity of telomerase in CSCs was assessed by quantitative PCR. [7] [8] [9] [10] 13 CSCs were homogenized in CHAPS buffer and centrifuged at 4°C. 
Western Blotting and Immunoprecipitation
Protein lysates of cultured CSCs were obtained using CHAPS buffer (Millipore) and protease inhibitors (Complete tablets, Roche). Equivalents of 5-10 μg of proteins were separated on 4-20% SDS-PAGE, transferred onto PVDF membranes (Bio-Rad) and subjected to Western blotting with rabbit polyclonal anti-Akt (Cell Signaling) and rabbit polyclonal anti-phospho-Akt Ser473 (Cell Signaling) diluted 1:1500 in TBST containing 5%
BSA overnight at 4°C. 9, 14 Proteins were detected by chemiluminescence (ECL Plus, Thermopierce). Optical density was measured and the quantification was performed as ratio of phospho-Akt to total Akt. Loading conditions were determined by the expression of GAPDH (Cell Signaling).
Equivalents of 50 µg of protein extracts were incubated with rabbit polyclonal anti-telomerase antibody (Abcam) overnight at 4°C and subsequently were exposed to magnetic protein G (Millipore) for 1 hour at room temperature. [15] [16] [17] Immunoprecipitated proteins were eluted by adding 2X loading buffer and heating at 95°C for 5 minutes.
Proteins were separated on 4-20% SDS-PAGE and transferred onto a PVDF membrane.
Blots were incubated overnight at 4°C with rabbit polyclonal anti phospho-telomerase at Ser824 (Abcam). Optical density was measured and the quantification was performed as ratio of phospho-telomerase to total telomerase.
Akt Kinase Assay
This assay was performed according to the manufacturer's protocol (Cell Signaling).
Protein lysates were immunoprecipitated using phospho-Akt antibody conjugated with
Sepharose beads overnight at 4°C. After washing, GSK-3α/β substrate was added and the enzymatic reaction was carried on for 30 minutes at 30°C. The reaction was stopped by adding loading buffer and heating at 95°C for 5 minutes. Following centrifugation, the supernatant was loaded on 4-20% SDS-PAGE and transferred onto a PVDF membrane.
Blots were incubated overnight at 4°C with rabbit polyclonal anti phospho-GSK-3α/β.
The detection of a band of the correct molecular weight was indicative of Akt kinase activity in the sample.
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Growth Factors
To obtain an accurate, efficient, and quantitative determination of the concentration of multiple human growth factors in the patient's serum, a multiplex microarray technology based on two-site sandwich ELISA was employed. Capture antibodies specific for target growth factors are pre-spotted into each well of a 96 well microplate so that the growth factors present in the samples are bound by the immobilized antibodies. This approach allowed us to detect simultaneously 6 growth factors in the same sample of serum.
Standards and samples were added to the wells. Following washing of the unbound proteins, biotinylated detection antibodies were used. Streptavidin-HRP and, subsequently, chemiluminiscent substrate reagents were added to the wells. A signal proportional to the amount of each growth factor bound to its specific antibody was produced. Plates were read using a digital camera imaging system, and pixel intensity was measured using an analytical software package. A standard curve was created for each analyte by plotting the median pixel intensity for each standard on the y-axis and the concentration of the standard on the x-axis. Data were linearized by plotting the log of the concentrations versus the log of the pixel intensity and the best fit line was determined by regression analysis and corrected for the dilution factor.
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Statistical Analysis
Continuous variables were expressed as mean±SD, while dichotomous variables are shown as percentages. Unpaired T-test or Mann Whitney U-test was used for comparison between two groups. Categorical variables were compared using the chi-square test or
Fisher's exact test, as appropriate. Linear regression analysis was performed to correlate the characteristics of CSCs in vitro with the indices of LVR: in each case the best-fit regression line is showed together with the 95% confidence interval, and the P and R 2 values. P values less than 0.05 were considered significant. Receiver Operating Characteristic (ROC) curve was performed to determine the cellular biomarker or growth factor level that best predicted negative LVR, and to assess the best cut-off value. The Youden index was introduced to evaluate the sensitivity and specificity of each variable. Statistical comparisons were performed using SPSS 20.0 (SPSS, Inc Chicago, Illinois); however, ROC analysis was done using MedCalc (MedCalc, Mariakerke, Belgium). 20, 21 The magnitude of sampled cells is listed in Table   II in the online-only Data Supplement. 
